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Edited by Gianni CesareniAbstract Assembly of the active site of the [NiFe]-hydrogenase
enzymes involves a multi-step pathway and the coordinated activ-
ity of many accessory proteins. To analyze complex formation
between these factors in Escherichia coli, they were genomically
tagged and native multi-protein complexes were isolated. This
method validated multiple interactions reported in separate stud-
ies from several organisms and deﬁned a new complex containing
the putative chaperone HybG and the large subunit of hydroge-
nase 1 or 2. The complex also includes HypE and HypD, which
interact with each other before joining the larger complex.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The [NiFe]-hydrogenase enzymes, which catalyze the revers-
ible formation of hydrogen gas from protons and electrons [1],
are heterodimers with a nickel- and iron-containing catalytic
center located in the larger subunit [2,3]. In most members of
this family the bimetallic cluster is coordinated to the protein
by cysteine residues with several cyanide and/or carbon mon-
oxide ligands also bound to the iron [3]. As with many metal-
locenter-containing proteins [4], the biosynthesis of the [NiFe]
cluster requires the activity of multiple accessory proteins
[4–6]. Biochemical and genetic studies of several organisms
with functionally homologous systems were used to delineate
the roles of these proteins and lead to a model of the overall
sequence of events [4–6]. In Escherichia coli most of the acces-
sory proteins are encoded by the hyp genes [7–9], and both the
petidyl-prolyl isomerase SlyD and the GroEL/GroES folding
chaperones are also required for optimal hydrogenase produc-
tion [10,11]. During the production of hydrogenase 3, thereq This work was supported by grants from the Natural Sciences and
Engineering Research Council of Canada and the Canada Research
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doi:10.1016/j.febslet.2005.12.063is substantial evidence that HypE and HypF provide the dia-
tomic ligands for the iron center that is constructed on a
HypC/HypD complex and then transferred to the hydrogenase
3 precursor protein, HycE [12–16]. HypC remains associated
with HycE during insertion of the nickel by HypA, HypB,
and SlyD, possibly in the role of a chaperone that holds HycE
in a receptive conformation [10,17–20]. The assembly of the
metal center is completed by proteolytic cleavage of a C-termi-
nal fragment of HycE [21]. For the biosynthesis of hydrogen-
ases 1 and 2, it is thought that HypA and HypC are
functionally replaced by the homologous HybF and HybG,
respectively [20,22]. Additional factors may be required for
the biosynthesis of [NiFe]-hydrogenases in other organisms
[4,6, and references therein].
Although it is clear that the [NiFe]-hydrogenase centers are
constructed by a series of multi-protein complexes, only a few
direct interactions have been observed and the compositions of
the functional complexes at each step have not been deﬁned.
To isolate and identify the components of Hyp-protein com-
plexes in E. coli, we used a recently reported prokaryotic adap-
tation of the tandem aﬃnity puriﬁcation (TAP) procedure
[23,24]. By using this method as well as mutant genetic back-
grounds we isolated multiple Hyp-protein complexes and dem-
onstrated several new interactions. Although this type of
analysis does not conclusively prove a temporal sequence of
events, the interactions observed complement other studies
and provide insight into the maturation of the [NiFe]-hydrog-
enases in E. coli.2. Materials and methods
2.1. Chromosomal modiﬁcation of E. coli strains
Gene knock-outs (KO) and/or aﬃnity tagging of speciﬁc loci in the
E. coli chromosome were undertaken in DY330 by using the phage
lambda homologous recombination system (k-red) as previously de-
scribed [25]. A sequential peptide aﬃnity (SPA) tag, a DNA cassette
encoding two aﬃnity-puriﬁcation tags and a selectable marker, was
introduced into the chromosome as previously described [24,26].
Kanamycin-resistant colonies were selected, cultured in Luria-Bertani
(LB) medium and screened for the expression of the tagged-fusion pro-
tein (FLAG epitope) by Westerns. For KO mutations, genes were rou-
tinely replaced from start to stop codon, however where this was not
possible due to overlapping open reading frames, as much of the target
gene as possible was deleted without removing the putative ribosome
binding site of the downstream gene. Following replacement of the
desired gene with a chloramphenicol resistance cassette (pKD3 tem-
plate), colonies were isolated and cultured in LB medium. Cells were
harvested and genomic DNA isolated by using a Wizard Genomicblished by Elsevier B.V. All rights reserved.
Table 1
Hydrogenase activity detected in the solution assay with cell extracts
from the SPA-tagged strains of E. coli
Straina Activityb
DY330 (wild-type) +
HypA–SPA +
HypE–SPA 
HypF–SPA +
HypB–SPA +
HypC–SPA +
HypD–SPA 
SlyD–SPA +
HybG–SPA +
HybG–SPA in DhypE 
HybG–SPA in DhypD 
HybG–SPA in DhypB 
HybG–SPA in DtatC ++
HybG–SPA in DhypD 
HybG–SPA in DhypE 
aCells were grown anaerobically in TGYEP medium supplemented
with fumarate and glycerol for 6 or 16 h.
bA ‘‘+’’ indicates activity detected in the range of 0.1–1 U/mg protein,
‘‘+’’ and ‘‘++’’ indicate lower and higher levels of activity, and
‘‘’’ indicates that activity was not detected.
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replacement of the gene with the DNA cassette. Primers were designed
to anneal to regions 200 bp upstream of the gene start codon and
200 bp downstream of the stop codon. PCR using the same primers
was also undertaken using DY330 genomic DNA as a control and
PCR products were then analyzed by agarose gel electrophoresis. Cor-
rect KO of the target gene resulted in a PCR product of 1500 bp.
Where it was desirable to create a SPA-tagged gene in a strain har-
boring a gene KO, the KO strain was isolated ﬁrst by the above pro-
cedure and then used as the starting point from which to create the
SPA strain.
2.2. Aﬃnity puriﬁcation of protein complexes
SPA puriﬁcation of protein complexes was performed as previously
reported [24,26] from cells cultured for 16 h either in 1 L Terriﬁc Broth
(TB) medium at 32 C or in 2 L sealed bottles containing TGYEP med-
ium supplemented with 1 lM sodium molybdate, 1 lM sodium sele-
nite, 15 mM sodium fumarate and 0.8% glycerol at 37 C as
described [10]. Half of the puriﬁed eluate was then subjected to
SDS–PAGE followed by silver staining, and the bands were excised
from the gel for MALDI-ToF MS. The remaining half of the eluate
was digested in solution with trypsin and then analyzed by LC–MS/
MS ion trap mass spectrometry. All interactions detected were vali-
dated as per criteria previously reported [24].
2.3. Hydrogenase activity assays
Crude cell extracts were prepared from cultures grown anaerobically
and hydrogenase activity was measured in solution by hydrogen-
dependent reduction of benzyl viologen [10]. An in-gel assay to exam-
ine hydrogenase 1 and 2 activities was performed as described [10].
2.4. Interaction network
A network of validated protein–protein interactions was visualized
by using Osprey software [27].hypE       
hypC       
hyfG       
hybG       
hyaB       
Fig. 1. Network of validated protein–protein interactions. Protein
interactions are represented as edges extended by arrows from the
tagged protein to the co-purifying protein. Arrows on both ends
indicate that the reciprocal interactions were observed. Black edges
indicate data that was included in a previous survey of E. coli
interactions [24]. Only validated proteins that are relevant to the
hydrogenase biosynthetic pathway are shown.3. Results and discussion
3.1. Aﬃnity puriﬁcation of epitope-tagged hydrogenase proteins
To investigate the protein–protein interactions of the
hydrogenase biosynthetic pathway, we used a method to ana-
lyze native protein complexes from E. coli [24] that avoids the
pitfalls arising from overproduction of a target protein. A C-
terminal SPA tag was introduced into the E. coli chromosome
appended to one of the genes of the hydrogenase accessory
proteins. The tagged protein, expressed at endogenous levels,
was then puriﬁed from cell-free extracts and the interacting
partner proteins were identiﬁed by MS [24,26].
Hydrogenase activity was detected in cell-free extracts ana-
lyzed with a benzyl-viologen solution assay from all strains
investigated except the HypD–SPA and HypE–SPA (Table
1), suggesting that the C-termini of these proteins are function-
ally important. Analysis of the partner proteins pulled down
with this method revealed multiple interactions (Fig. 1). For
example, SPA-tagged HypC co-puriﬁed with the hydrogenase
3 precursor protein pre-HycE, as well as HypD [24] and with
HypE. In a subsequent experiment, HypC was pulled down
with tagged HypD, indicating a direct interaction. These re-
sults corroborate under native conditions the interactions with
HypC that have been detected in several organisms. Complex
formation was previously detected between HypC and the
large hydrogenase subunits HoxH of Ralstonia eutropha and
HycE of E. coli [18,28], and aﬃnity puriﬁcation of overexpres-
sed tagged HypC revealed an interaction with HypD and
HypE in both organisms [16,28]. These and other studies
[13,19] led to the model in which HypC plays a role in the syn-
thesis and insertion of the iron center, possibly to ensure thatthe hydrogenase precursor protein is in an operational confor-
mation, and then remains in a complex with the large subunit
until the metal cluster has been completed.
Other observed interactions include one between HypD–
SPA and the folding chaperone GroEL (MopA), in support
of the suggestion that the general chaperones are involved in
hydrogenase biosynthetic pathway [11]. The complex between
the putative chaperone HybE and the hydrogenase 2 small
subunit HybO, previously observed in a bacterial two-hybrid
assay [29], was also detected with this method. Furthermore,
a new component of the hydrogenase biosynthetic pathway,
the metal-binding peptidyl-prolyl isomerase SlyD, was de-
tected in a complex with HypB as previously reported [10].
3.2. HybG is present in a multi-protein maturation complex
Although it is clear that E. coli HypC plays a central role in
the biosynthesis of hydrogenase 3, it is not essential for the
production of hydrogenases 1 and 2 [7]. Genetic studies were
used to demonstrate that HybG and not HypC is required
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reports indicate that HybG forms a complex with the large
subunit of hydrogenase 2 [22,29], but little is known about
how this protein interacts with the other accessory proteins.
To investigate the protein–protein interactions of the putative
chaperone HybG, a HybG–SPA strain was prepared. The C-
terminal tag on HybG did not aﬀect the overall hydrogenase
activity detected in the solution assay (Table 1) or in an in-
gel assay speciﬁc for hydrogenase 1 and 2 (Fig. 3B), indicating
that this region of the protein is not critical for maturation.
Following SPA puriﬁcation [26], several proteins co-puriﬁed
with HybG (Fig. 2). These proteins include HyaB and HybC,
the large subunits of hydrogenases 1 and 2, respectively a result
that validates the model that HybG is involved in the biosyn-
thesis of both of these isoenzymes. In addition, isolation of
tagged HybG also pulled down HypD and HypE (Fig. 2).
We repeated this experiment following growth under condi-
tions more favorable for the expression of hydrogenase 1
and 2 [10] and observed a slight shift in the relative abundance
of the proteins complexed with HybG but no new partners
(Fig. 2, Lane 2). During metallocenter assembly of hydroge-
nase 3, there is signiﬁcant evidence to suggest that HypE works
with HypF to prepare the cyanide ligands from carbamoyl
phosphate [12,14,15], and then delivers them to a HypD/HypC
complex [16] that may insert the iron center into pre-HycE
[13]. Given the results of the HybG-SPA analysis and the pre-
vious genetic studies [22], it is likely that HybG replaces HypC
in the delivery of the iron center to HyaB and HybC.
3.3. Protein requirements for HybG interactions
To characterize the HybG complexes further, HybG–SPA
was puriﬁed from strains of E. coli lacking other components
of the hydrogenase maturation machinery. Deletion mutations
in the hypB, hypD, hypE and tatC genes were prepared and the
SPA tag was appended to the hybG gene in these genetic back-
grounds. Hydrogenase activity was not detectable in the solu-Fig. 2. Aﬃnity-puriﬁed proteins in the HybG–SPA complex. Silver-
stained SDS–PAGE analysis of the HybG–SPA complex isolated from
cells grown in an open ﬂask containing TB medium (Lane 1) or in a
sealed bottle containing TGYEP supplemented with fumarate and
glycerol (Lane 2).tion assay following deletion of the hypB, hypD, or hypE genes
(Table 1), although very weak hydrogenase 1 activity was de-
tected in the in-gel analysis of extracts prepared from the
DhypB strain (Fig. 3B) and cell growth in 300 lM nickel in-
creased the level of activity in the DhypB strain (data not
shown), as previously reported [7,8,17]. The HybG–SPA com-
plex was then puriﬁed from these strains (Fig. 3A). HybG–
SPA puriﬁed from either the hypD or hypE mutant strains still
co-puriﬁed with the HyaB and HybC hydrogenase subunits,
supporting a direct interaction, but neither HypD nor HypE
was puriﬁed as part of the complex from either strain. Deletion
of the tatC gene, which would block the export of the mature
hydrogenases [30], did not appear to change the composition
of the puriﬁed HybG complex, indicating that preventing ex-
port did not aﬀect the upstream assembly process at this par-
ticular stage. In-gel activity staining for hydrogenase 1 and 2
activities demonstrated that there was an accumulation of mul-
tiple forms of active hydrogenases in the DtatC strain
(Fig. 3B). This observation is in agreement with the hydroge-
nase solution assays that demonstrated higher activity in the
DtatC strain than the DY330 strain (Table 1), although the
composition of the lower-mobility active enzymes is not clear.
3.4. Complex of HypD and HypE
The apparent requirement for both HypD and HypE to be
present before association of either protein with HybG sug-
gested that HypD and HypE form a complex prior to associa-
tion with HybG and the large subunit. We therefore appendedFig. 3. HybG–SPA analysis in mutant strains. (A) Silver-stained SDS–
PAGE analysis of the HybG–SPA complex isolated from E. coli with
the indicated genetic KO. (B) Activity staining of hydrogenase 1 and 2
in extracts prepared from the same strains indicated in panel A.
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tant strain. MS revealed that HypE does form a complex with
HypD. Silver-staining of the SDS–polyacrylamide gel demon-
strated that the band assigned to HypE was absent when
HypD–SPA was puriﬁed from the hypE mutant strain
(Fig. 4), and that the mutation did not aﬀect expression of
HypD. Appending a SPA tag to the hypE gene in both the
wild-type and hypDmutant backgrounds conﬁrmed that HypE
was expressed in both backgrounds (data not shown). This
data strongly supports the hypothesis that a HypD–HypE
complex forms prior to its association with the HybG complex.
Previous studies have demonstrated that cyanide is transferred
from HypE to a HypD/HypC complex [13,16,28]. The results
of the SPA tagging indicate that HypE interacts directly with
HypD and that together they then form a complex with HybG.
3.5. Summary and conclusions
This work demonstrates that the putative hydrogenase
‘chaperone’ HybG interacts directly with the large subunits
of hydrogenase 1 and 2. HybG also copuriﬁes with pleiotropic
hydrogenase accessory factors HypD and HypE, suggesting
that we have isolated a stable intermediate complex from the
maturation pathway. Mutations in the gene encoding HypB,
a protein involved in the downstream nickel insertion process,
resulted in hydrogenase activity defects but did not aﬀect the
composition of the puriﬁed HybG complex. Mutating the
genes for either HypD or HypE led to the absence of both
from the puriﬁed HybG complex, and additional experiments
demonstrated that these proteins interact with each other.
These data suggest that both of these proteins are required
for stable association with either HybG or the HyaB/HybC
large subunits. The work reported here provides new insight
into the role of HybG and, as discussed above, supports many
observations and models postulated over the last several years.Fig. 4. HypD–HypE complex formation. Silver-stained SDS–PAGE
analysis of the HypD–SPA complexes isolated from the wild-type or
DhypE background.Acknowledgments: The authors thank Meg Chuang for assistance with
cell culturing. G.B. is a recipient of a C.H. Best Postdoctoral Fellow-
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